Changes in the lamellar structure during heating and cooling of a nylon 6,6 polymer were characterized using synchrotron smallangle x-ray scattering (SAXS). The SAXS data were analyzed using two different methods and the derived structural parameters were compared with each other. The first method was the conventional correlation function analysis in real space, and the second method was a direct intensity profile fitting in reciprocal space. Both methods yielded similar values of long period, lamellar thickness and amorphous layer thickness. The thickness of the inter-lamellar amorphous layer was smaller in the intensity analysis than by the correlation analysis. It could be that the crystalamorphous boundary layer is a part of the crystal thickness in the intensity profile analysis. The linear crystallinity obtained by the two methods was similar, and was higher than the bulk crystallinity indicating the presence of significant amorphous material outside the lamellar stacks. However, coherence length of the lamellar stacks and the integrated intensity can be obtained in the intensity profile analysis and not in the correlation function method.
Introduction
With recent increase in the availability of intense synchrotron x-ray sources, and rapid data acquisition hardware and software, the limiting step at present in small-angle x-ray scattering (SAXS) experiments is fast, complete and quantitative analysis of the SAXS data. This is still a difficult task even in dealing with 1-D SAXS data from unoriented systems. The basic idea in any method of analyzing the SAXS data is to interpret the data in terms of a minimum number of parameters. In one class of methods based on correlation function, the intensity data is Fourier transformed, and the resulting curve is interpreted in terms of parameters that describe a model of the lamellar structure. These parameters include the lamellar spacing, the thickness of the lamellae and amorphous layers, and the width of the transition layer [Vonk, 1973; Strobl & Schneider, 1980; Balta-Calleja & Vonk, 1989; Verma, Marand & Hsiao, 1996] . In another class of methods, the intensity profile calculated from a model is least-squares fitted to the observed intensity, and the various parameters of the model are refined. This approach has been used in a fairly simple form by Murthy and co-workers [Murthy, Curran, Aharoni & Minor, 1991] , more extensive form by Donald and coworkers [1992, 1996] . In this paper we compare the results of correlation function analysis and intensity profile analysis using the data from a wide range of structures obtained at various temperatures during heating and cooling of nylon 6,6 (N66).
Experimental
Data were collected at the Advanced Polymers beam line (X27C) in the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL) using 1.307 Å wavelength x-rays. The sample-to-detector distance was set at 1903 mm and the detector resolution was 395 µm. The zero angle and the sample to detector distance were determined using the diffraction pattern of a silver behenate standard.
Pellets of Zytel 101 (DuPont) were freeze-milled at liquid nitrogen temperature into a fine powder. The sample was sandwiched between two Kapton films in a 0.7 mm diameter hole in a 1.5 mm thick copper bar. The sample was first heated to 260 o C, held there for about 15 minutes and cooled to ambient temperature (22 o C). This was used as the starting sample. The sample was then heated to various preset temperatures up to the melt (260 o C) and then cooled to various temperatures. The sample was held at these preset temperatures and the data were collected for 10 minutes. Both wide-and small-angle scattering data were collected simultaneously using two 1-D proportional counters one for wideangle and another for small-angle. The WAXD data, which show the well-documented crystalline transition both upon cooling and upon heating, are not discussed here.
Data analysis
The measured small-angle x-ray scattering (SAXS) data were analyzed by the correlation and interface distribution functions approach in real space and by profile fitting the scattered intensity distribution to a model in reciprocal space. These two methods are described below.
Method I. Correlation and Interface Distribution Functions
In semicrystalline polymers, as the lamellar morphology is evident, the scattered intensity I 1 (q) measured from an isotropic system can be transformed into the one-dimensional intensity I(q) by Lorentz correction [Balta-Calleja & Vonk, 1989] 
(1) where c is a constant. In this case, the SAXS data can be analyzed via a combination of the correlation g(r) and the interface distribution g(r) functions as following [Vonk, 1967 [Vonk, , 1973 Ruland, 1977; Stribeck & Ruland, 1978] :
where q is the scattering vector (q=[4π/λ]sin(2θ), 2θ is the scattering angle and λ is the wavelength and Q is the invariant defined as:
With the pinhole geometry used in this experiment, the correlation function is the Fourier transform of the Lorentz-corrected SAXS profile. The interface distribution function g(r) is the Fourier transform of the interference function G(q) [Ruland, 1977; Stribeck & Ruland, 1978] :
In the above equations, all integration must be carried out over the range of 0 < q < ∞. Since the SAXS data was only collected in a limited angular range (0.01 Å -1 < q < 0.30 Å -1 , in our case), it is necessary to extrapolate the scattering intensity to both low and high q values before performing the Fourier transformation. The extrapolation to q = 0 uses the linear method since Iq 2 ≈ 0 as q→ 0. The extrapolation to high q was performed with the aid of the Porod (r) conference papers law, which is done as follows.
The intensity I 1 (q) should be free of contributions from liquidlike scattering and finite interface between the constituent phases. The typical measured scattered intensity I obs (q) includes the contributions from 'background' scattering I b (q) and finite interface between the two constituting phases. The contribution of the air scattering, parasitic scattering and the "liquid" scattering are in fact all included in the I b term in Eq.6, since it has a very generalized polynomial form (I b = a 0 + a1*q 2 + a2*q 4 + a3*q 6 ). The term of "liquid scattering" can be seen as the scattering background from the thermal fluctuation of the constituent phases rather than the structure itself. The Porod law for this intensity can be expressed as [Koberstein, Morra, Stein, 1980] :
where σ is related to the width of the interface and K is Porod constant. Instead of using the conventional method such as I obs q 4 versus q 4 to estimate the contributions of I b and the exponential term [Glatter & Kratky, 1982] , the following two criteria were used for the interference function to satisfy the Porod law [Hsiao & Verma, 1998 ].
The second criteria is based on an assumption that if the presence of a finite transition zone between the two constituting phases has been accounted for, then the interface distribution function will start from the origin, i.e.,
Once the Porod constant K, the liquid scattering profile I b , and the interface correction term σ have been estimated, the correlation and interface distribution functions can be easily calculated. However, they must be interpreted only with respect to a morphological model. Here the finite lamellar stack model is assumed. This model is comprised of stacks of crystalline lamellae separated by interlamellar amorphous layers. Regions of interfibrillar amorphous material separate the adjacent lamellar stacks.
The long spacing (L) can be estimated as the position of the first maximum in the correlation function, and the average thickness values for the constituting phases, l 1 and l 2 (= L -l 1 ). On the basis of the wide-angle crystallinity and crystallite-size measurements, as well as the data from several semicrystalline polymers such as PEEK [Verma, Marand & Hsiao, 1996] , PBT [Hsiao, Wang, Yeh, Gao & Sheth, 1999] and PET [Wang, Hsiao, Sauer & Kapmert, 1999] , we assign larger of two thickness values (l 1 ) to the lamellar thickness l c and the smaller value (l 2 ) to the amorphous layer thickness l a .
Method II. Intensity Profile Analysis
It has been demonstrated that the scattered intensity in reciprocal space can be directly fitted by a suitable model in SAXS [Camera & Donald, 1992] or SANS [Jenkins & Donald, 1996] measurements. Although detailed models have been proposed [Donald, 1992 [Donald, , 1996 ], we will here use a simple two-component model that can be easily implemented using any of the commercially available profilefitting software packages such as PeakFit (Jandell Inc.) or Grams/32 (Galactic Industries Corporation). This model has been shown to be able to account for many of the SAS patterns obtained in the angular range of 0.01 < q < 0.2. The observed intensity is written as:
where I B is the background intensity which is assumed to be linear, and is taken into account by just one constant offset term. The intensity I D represents the diffuse scattering with maximum near the origin, and I L accounts for the lamellar peak. Note that although somewhat similar notations such as I b and I B describe somewhat similar entities in the correlation and the intensity profile analysis methods, respectively, they are not interchangeable. In Eq. 9, I L is the scattering from the lamellae and arises from periodic fluctuations in electron density due to alternating crystalline and amorphous regions, the source of I D is uncertain. The diffuse scattering I D could be due to aggregates of lamellae, microvoids, and domains, which scatter as independent entities. No attempt is made to identify the precise nature of I D . The lamellar structures we are analyzing here are essentially one-dimensional structures, and hence can be represented as step functions of width 2w. The Fourier transform of this one-dimensional function F step (w) is F step (w) = sin (wq)/(wq) (10) Having chosen this form of expression for the lamellar structures, we can also express the diffuse intensity to also arise from similar step functions. Whereas the scattering from a randomly oriented 3-D object can expressed as a series of Guinier functions, we will assume that the independent scatterers are also one-dimensional structures and their intensity J D (q) can be written as
(11) where a 1 is the intensity related to the volume fraction of these independent scatterers, and a 2 is the width (half-width) of the nonperiodic structures with a maximum at q = 0 Å -1 . The lamellar peak arises from a periodic lamellar structure, which is a convolution of single lamella and a lattice function. Thus, the intensity is a product of the Fourier transform of the lamellar structure factor, and that of the lattice function. The Fourier transform of the lattice can be represented as series of Gaussian peaks, two being sufficient in the angular range of the data. Thus, the intensity J L (q) of the lamellar peak with a maximum at q corresponding to the lamellar spacing is: [-0.5((q-a 5 )/a 6 ) 2 ] (13) The parameter 2*a 3 is the thickness of the interlamellar amorphous layer between the lamellae in the lamellar stack, and F step (a 3 ) is the structure factor of the lamella. Gauss(a 4 ,a 5 ,a 6 ) and Gauss (a 4 ,2a 5 ,a 6 ) are the first and the second order interference functions. The parameters a 4 , a 5 and a 6 are, respectively, the amplitude, position and width of the Gaussian peak that represents the distribution of the lamellar spacing; a 4 represents the lamellar intensity; a 5 and a 6 represent, respectively, the lamellar spacing and coherence length of the lamellae and are given by: . These coefficients represent, respectively, the intensity of the zero-angle scattering, an arbitrary size characterizing the zero-angle scattering, thickness of the interlamellar amorphous layer, the intensity of the lamellar peak, lamellar spacing and the coherence length of the lamellar stack.
Results and discussion
Figures 1a and 1b show the scattered intensity profiles measured during heating and cooling processes, respectively. During heating (Figure 1a) , the scattering peak becomes well defined and sharper as the temperature is increased up to 220 o C. Above 220 o C, the peak intensity gradually decreases, and at 260 o C, the lamellar peak becomes a shoulder before disappearing in the melt. In addition, the peak position shifts to a lower-angles at higher temperatures, especially above 200 o C. During cooling, the lamellar peak is not apparent at temperatures above 240
o C, appears as a shoulder at 240, 220 and 200 o C, and the peak is clearly present below 200 o C. Also, the peak position shifts to a larger-angles as the melt is cooled. These changes in the scattering curves can be analyzed in terms of the changes in lamellar long period, coherence length, and thicknesses of the crystals and the amorphous regions by using the methods described in the previous section. 
Correlation Function Analysis:
One-dimensional electron density correlation functions, g(r), as a function of temperature during heating and cooling processes are shown in Figures 2a and 2b , respectively. It is seen that during both processes, the long period of lamellae as given by the first peak maximum increases with temperature. Figures 3a and 3b illustrate the corresponding interface distribution functions, g(r), during heating and cooling, respectively. We see that the position and height of the first peak maximum as well as the first minimum show similar changes with temperature during heating and cooling.
Results obtained from the analysis of correlation functions are summarized in Figures 4a and 4b . We have assigned the larger thickness value (l 1 ) from the correlation function as the lamellar thickness value (l c ). During heating, the long period (L) increases slightly (95-108 Å) up to 220 o C, and then rapidly to more than 145 Å after 240 o C. This increase in L appears to be due to an increase in l c , which follows the same trend with temperature as L. It can be seen that l c is about 60 Å up to 220 o C, and increases to about 105Å above 240 o C. In contrast, the amorphous layer thickness (l a ) remains almost constant at 40 Å. The value of the long period appears to depend only on the temperature and not on whether the data were taken during heating or cooling. A small decrease in L at lower temperature during cooling appears to be due to a small decrease in the amorphous layer thickness. 
Intensity Profile Analysis:
In the profile fitting approach, the scattered intensity such as the ones shown Figure 1 , could be separated into three components: I B , I D and I L . Figures 5a and 5b illustrate two typical fitting results. I B is the background intensity and is not of much significance. Neither are the changes in I D , the central diffuse scattering, whose significance is not quite well understood, and whose interpretation varies with the smallest q-value in the data.
The changes in I L (I L represents the lamellar peak) with temperature is shown in Figure 6a and compares well with the changes in the invariant Q as calculated from Eq. 4. These two plots show that in addition to the premelting changes at 240 o C in the long period and related lamellar dimensions seen in the correlation analysis, there are additional changes that occur at a much lower temperature around 150 o C. The intensity of the lamellar peak initially remains unchanged up to about 150 o C, and then begins to increase up until the melting of the lamellar crystals. Upon cooling, the intensity remains unchanged from the melt down to about 150 o C, and then increases as the polymer is cooled to room temperature. The changes in the parameters a 3 and a 5 , which describe the asymmetry and the position and are related to the interlamellar amorphous layer (2*a 3 ) and the lamellar long period (L'=2π/a 5 ), are shown in Figure 7 . The difference between parameters L' and 2*a 3 , (L'-2*a 3 ), could be compared with the lamellar thickness l c obtained by the correlation function analysis. The changes in the three parameters (L', L'-2*a 3 and 2*a 3 ) during heating are quite similar to that obtained by correlation function analysis although the value of 2*a 3 is lower than that obtained in the correlation function analyses. As in the correlation analysis, L and l c remain unchanged up to 200 o C, and then increase rapidly above 220 o C. The changes during cooling are shown in Figure 7b . During the fitting procedure, we found that the fitted parameters a 5 and a 3 have little physical meaning if the scattered intensity has no obvious peak or shoulder features. For example, at temperatures 240 o C and 260 o C of the cooling measurements, the shoulder is not obvious in SAXS profiles and the parameters a 5 and a 3 obtained have very low values, which are thus discarded in Figure 7b . At lower temperatures, in contrast to that seen during heating, L' decreases at lower temperatures, and this appears to be due to a decrease in the lamellar thickness (L'-2*a 3 ).
The changes in the parameter a 6 describe the changes in the coherence length of the lamellae (Figure 8 ). This plot shows that there are large changes that occur within the lamellae much before T m during both melting and recrystallization. 
Comparison of the Two Methods:
Our analyses show that the new and simple profile fitting approach is able to reproduce the results obtained by the more widely used correlation function analysis (Figures 4 and 7) . This is particularly well illustrated in the changes in the calculated thickness of the lamellae at T > 220 o C during heating. However upon cooling, the intensity profile analysis approach is unable to fit the data beyond 220 o C while the correlation function approach reproduces the behavior observed during heating. Upon cooling, when no distinct lamellar peak is visible as in the melt, the correlation function approach gives information about the incipient lamellae where as the intensity analysis is unable to fit the weak, and broad lamellar peak, i.e., when the coherence length is small.
The intensity values contain valuable information on the volume fraction of the scattering entities, e.g., the lamellae, and the contrast between the crystalline lamellae and the amorphous regions. This intensity information evaluated through the integrated intensity in the intensity analysis is in good agreement with the invariant used in the correlation analysis ( Figure 6 ). This is not surprising because the integrated intensity is the major part of the invariant. The agreement in the results of the two methods is quite good in the parameters common to both techniques, especially during heating. It is interesting to see that the intensity fitting method validates the assignment of the larger value l 1 to the lamellar thickness l c and the smaller value l 2 to the amorphous layer thickness l a in the correlation function analysis. Because we have corrected the effect of finite interphase boundary (about 5Å at each of the two boundaries) in the correlation function analysis, the calculated lc value will not include the interface layer thickness. Therefore, l c is smaller than the parameter a 5 -2*a 3 in the intensity profile analysis wherein the estimated crystal thickness may include the boundary thickness. The linear crystallinity in the lamellar stacks obtained by the two methods (73% in the intensity profile analysis and 63% in correlation function analysis) are higher than the bulk crystallinity (45%) of the sample. This suggests that a significant fraction of the amorphous phase is outside the lamellar stacks [18] [19] [20] .
There are some differences in the changes in the lamellar long period as calculated by the two methods during cooling. Correlation analysis suggests that lamellar long period decrease only slightly between 200 and 40 o C, and this decrease is possibly due to a decrease in l a . In contrast, the intensity analysis suggests a large decrease in L between 200 and 40 o C, and this decrease is due to decrease in l c . As mentioned before, the discrepancy between variations in l a and l c in the two methods can be easily reconciled. It is possible that the fold surface becomes dense, and the thickness of the fold surface decreases during cooling. This decrease in the fold surface is included in l a in the correlation analysis, and hence l a decreases at lower temperatures. Similarly, the same decrease in the fold surface is interpreted as decrease in l c in the intensity analysis.
What is not easily understood is, however, the discrepancy in the magnitude of the changes in L during cooling. Although the value of L is about the same at 200 o C, at 40 o C, L decreases to about 75 Å in intensity analysis, and to about 90 Å in correlation function analysis. A comparison of the scattering curves (Figures 1 and 2) at 40 o C suggests that L indeed is smaller in the cooled sample than in the starting sample.
Step wise cooling of the sample is expected to give lower L than that obtained for the starting sample which was cooled continuously from the melt using forced air.
Interestingly, we find that one of the key parameters that changes during melting and recrystallization is the coherence length of the lamellar stacks. This is derived from the parameter a 6 (Eq. 15) in the intensity profile analysis. A similar parameter cannot be obtained from correlation function method.
Conclusions
Results from intensity profile analysis are very similar to those from the correlation function analysis in parameters such as the lamellar long period and the thickness of the lamellar crystals and of the interlamellar amorphous layer. The calculated value of the thickness of the crystalline lamellae by the intensity profile analysis is consistently higher than the correlation function analysis. It is possible that the transition layer is regarded as part of the crystalline layer in the intensity profile method and as a part of the amorphous layer in the correlation function analysis. The correlation function analysis provides meaningful results even when the lamellar peak is not clearly defined.
Intensity profile analysis provides the coherence length of the lamellar stacks, a parameter not derived from the correlation function analysis.
